Introduction
The summer season is the time when extreme flooding and droughts frequently occur in China. Some droughts due to lack of rainfall are exacerbated by concurrent heat waves. Since the weather conditions in China were first recorded in history, China has experienced flooding/drought disasters almost every year. Since 1951, on average, the flooding (drought) in each year affects 9.8 (22.5) million hectares of cultivable land, 1 which is about 8% (18.5%) of the 121.8 million hectares of cultivable land in China based on the 2006 statistics. 2 The disastrous flooding/drought results in more and more direct and indirect economic loss due to China's fast economy growth in recent decades. To explore various factors influencing China's climate and to mitigate the loss due to disastrous flooding/drought are of socioeconomic importance to China's sustainable development.
One such factor influencing China's climate is the seasurface temperature (SST) distribution in the tropical IndoPacific Oceans, which has been much studied in the past two decades (e.g., Huang and Wu 1989; Liu 1992, 1995; Wu and Meng 1998; Zhang et al. 1999; Lau and Weng 2001; Chan and Zhou 2005; Gao et al. 2006) . The along-equator SST gradient plays an important role in the intensity and longitudinal position of the Walker Circulation (Bjerknes 1969; Lindzen and Nigam 1987) that has large influence on precipitation in the Pacific Rim countries. The tropical Indo-Pacific Oceans are important sources of energy driving the large-scale atmospheric circulations that are related to the variation in moisture transport to China. Thus, the amount of the moist air supplied to China from the Indo-Pacific Oceans is very likely related to some coupled ocean-atmosphere phenomena in this broad oceanic region. Here we provide a review on three ocean-atmosphere phenomena in the IndoPacific Oceans, since their climate impacts on China during summer season will be the focus of this study.
In the tropical Pacific, the most studied coupled oceanatmosphere phenomenon over the past few decades is the so-called ''El Niño'', or the canonical El Niño, which exhibits a dipole SST anomaly (SSTA) pattern with anomalous warming in the tropical eastern Pacific and cooling in the tropical western Pacific (e.g., Rasmusson and Carpenter 1982) . Countless research papers aimed at understanding and predicting El Niño as well as its climate impacts have been published (e.g., Wallace et al. 1998; Trenberth et al. 2002) . However, the definition of El Niño itself has been changing. The Niño3 index, 3 which has been widely used to identify El Niño events, has missed some events with warming in the tropical central Pacific.
To include these events, the Niño3.4 index was then suggested to define El Niño events (Trenberth 1997) . On 30 September 2003, the (US) National Oceanic and Atmospheric Administration (NOAA) announced a consensus for El Niño index and definition. 4 The new El Niño definition is based on the area-mean SSTA in the Niño3.4 region. On 10 February 2005, such a consensus on El Niño definition was reached among three North American countries.
5 By using this Niño3.4 index as El Niño definition, some additional El Niño events, which have been missed by using the Niño3 index, have been identified. Since these additional El Niño events are related to the warming near the Date Line, which exert different climate impacts from those with warming in the Niño3 region, Larkin and Harrison (2005) named these additional El Niño seasons ''Dateline'' El Niño. Thus, the new definition by using the Niño3.4 index has mixed up two types of El Niño events: the events with warming in the tropical eastern Pacific (mainly in the Niño3 region) and those with warming in the tropical central Pacific (mainly in the Niño4 region).
Recent studies indicated that there are two types of El Niño events in the tropical Pacific, even though the definitions of these ''two types'' given by different authors are somewhat different. Ashok et al. (2007) and Weng et al. (2007) proposed the concept of El Niño Modoki (or pseudo El Niño) and used observational data analysis to show that it is a coupled ocean-atmosphere phenomenon with the sea surface warming in the tropical central Pacific and cooling in both eastern and western tropical Pacific. Spatially, this phenomenon is different from the canonical El Niño with warming in the tropical eastern Pacific (Niño3 region) and cooling in the tropical western Pacific. Temporally, El Niño Modoki is dominated by decadal timescales and the canonical El Niño is dominated by interannual timescales . Their distinctive spatial and temporal ocean-atmosphere characteristics as well as their different climate impacts imply that El Niño Modoki and the canonical El Niño are two different phenomena. They do not necessarily appear as two stages of an ENSO cycle.
Similar two types of ENSO with warming in the eastern and central tropical Pacific, respectively, are also proposed in other studies based on area-mean SSTA. For example, Yu and Kao (2007) and Kao and Yu (2009) proposed an eastern-Pacific (EP) type and a central Pacific (CP) type of ENSO. Kug et al. (2009) proposed the cold tongue (CT) El Niño and warm pool (WP) El Niño. Despite different terms used by these authors to describe ''two types'' of El Niño, all these authors have clearly shown that the warming in the tropical central Pacific should be studied separately from the warming in the tropical eastern Pacific. Some application studies about different impacts of two types of El Niño on the regional climate in data analyses and numerical modeling also support the idea that two different types of phenomena in the tropical Pacific Ocean should be studied separately (Wang and Hendon 2007; Chang et al. 2008; Weng et al. 2009; Ashok et al. 2009; Kim et al. 2009 ). The Bureau of Meteorology in Australia has improved the lead time for its seasonal regional climate prediction by separating El Niño Modoki from El Niño in their Predictive Ocean Atmosphere Model for Australia (H. Hendon, private communication) .
In the Indian Ocean, the SSTA pattern exerts important influences on the tropical atmospheric circulation and the climate in Asian countries (e.g., Wu and Liu 1992) . Anomalous zonal SSTA gradient in the tropical Indian 3 The SST indices for Niño1 ? 2, Niño3, Niño3.4, and Niño4 are defined by NOAA as: Niño 1 ? 2 (0°-10°S, 90°-80°W), Niño 3 (5°N-5°S, 150°-90°W), Niño 4 (5°N-5°S, 160°E-150°W), and Niño 3.4 (5°N-5°S, 170°-120°W) (http://www.cpc.ncep.noaa.gov/data/ indices/). The El Niño and La El Niña events identified by NOAA are given at http://www.cpc.noaa.gov/products/analysis_monitoring/ ensostuff/ensoyears.shtml. 4 http://www.noaanews.noaa.gov/stories/s2095.htm. 5 http://www.weather.gov/pa/fstories/2005/0205/fs10feb2005b.php.
Ocean influences not only the Indian monsoon, but also the East Asian/western North Pacific monsoon. The Indian Ocean Dipole (IOD) coined as well as identified in 1999 (Saji et al. 1999; Behera et al. 1999) could be seen as a measure of the zonal SSTA gradient in the tropical Indian Ocean. Although the difference of the SSTA between the two poles of IOD is smaller than that between the two poles of El Niño, the zonal SSTA gradient in the tropical Indian Ocean may be comparable with that in the tropical Pacific due to the fact that the zonal scale of the tropical Indian Ocean is much smaller than that of the tropical Pacific Ocean. The IOD has been associated with the summer rainfall anomaly in China (e.g., Li and Mu 2001; Xiao et al. 2002; .
Observational and modeling studies have shown that some IOD events occur with El Niño events. During such cases, both the tropical western Pacific Ocean and the tropical eastern Indian Ocean are anomalously cold. However, other IOD events occur without El Niño events or even with La Nina events (Behera et al. 2008) . Possible links between IOD and El Niño Modoki have also been recently studied (Tozuka et al. 2008) . In order to discuss regional climate influences of these phenomena, it is important to identify individual and combined influences (e.g., Behera et al. 2006 ).
Here we study and compare possible influences of the above three ocean-atmosphere phenomena in the tropical Indo-Pacific Oceans (i.e., El Niño, El Niño Modoki and IOD) together with their combined influences on summer climate in China. Those influences may occur through variations of the large-scale atmospheric circulations in the East Eurasian/western North Pacific region, including the western North Pacific summer monsoon (WNPSM). Other climate factors may also have important influences on China's summer climate. However, we only focus on these three phenomena in the present study.
Section 2 introduces the data and methods. Section 3 compares the summer climate in China that may be influenced by one of the El Niño, El Niño Modoki and IOD phenomena. Section 4 explores large-scale tropospheric circulation patterns related to the three tropical phenomena, and compares the relationships of the three phenomena with WNPSM. Section 5 provides case studies to explore possible interactive influences of these phenomena on China's summer climate. Finally, Sect. 6 presents discussions and concluding remarks of this study.
Data and methods
The analysis period for this study is the boreal summers composed of June-July-August during the period of 1951-2007. The SST used here is from the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) monthly data (Rayner et al. 2003) . The NCEP/NCAR Reanalysis (Kalnay et al. 1996) monthly data are used to analyze atmospheric circulations that bridge the tropical SSTA patterns with the climate in China. We also use the monthly in situ precipitation and temperature data at 160 stations in China. All the monthly anomalies are departures from their respective mean values averaged over the data period. The monthly anomaly data are then averaged over the three summer months to get the summer seasonal anomaly data, except for the summer seasonal rainfall anomaly data that are the sums of the monthly rainfall anomalies of June, July and August.
The normalized monthly and summer seasonal time series of the three indices that represent the three phenomena in the Indo-Pacific Oceans are shown in Figs. 1 and 2, respectively. The (canonical) El Niño is quantified by the Niño3 index (or simply ''Niño3''), defined by the mean SSTA averaged over the region (150°-90°W, 5°S-5°N), as shown by the box in Fig. 3a . The El Niño Modoki is quantified by the El Niño Modoki index (or simply ''EMI''), defined as
where the square bracket with a subscript represents the area-mean SSTA, averaged over one of the three regions specified as the central (C: 165°E-140°W, 10°S-10°N), eastern (E: 110°-70°W, 15°S-5°N), and western (W: 125°-145°E, 10°S-20°N), as shown by the three boxes in Fig. 3b . The Indian Ocean Dipole phenomenon is quantified by the Indian Ocean Dipole Mode Index (or simply ''IOD''), defined as the difference of the area-mean SSTA between the western region (50°-70°E, 10°S-10°N) and the southeastern region (90°-110°E, 10°S-Eq) of the tropical Indian Ocean (Saji et al. 1999; Yamagata et al. 2004) , as shown by the two boxes in Fig. 3c . Figure 1 shows that although El Niño events generally peak in the winter season, there may be apparent El Niño characteristics in the tropical Pacific SSTA during the preceding or following summer season (e.g., the summers of 1972, 1983, and 1997) . Similarly, although IOD events often peak in the fall season, some events may have already developed pronounced IOD characteristics in the tropical Indian Ocean in the preceding summer season (e.g., 1961, 1972, 1994, and 1997) . Thus, in a summer season, it is possible that the three phenomena may occur individually or jointly. Because the atmosphere responds quickly to tropical SSTA's change, here we focus on the summer climate anomalies in China associated with the presence of at least one of the three phenomena in the same summer season. Thus, the summer seasonal mean indices shown in Fig. 2 will be used for analyses in this work.
The linear correlation coefficients between EMI and Niño3 (IOD) is -0.11 (-0.03), showing that EMI has little correlation with both Niño3 and IOD. However, the positive correlation between Niño3 and IOD (0.45) is statistically significant. In order to find possible linear relationships between each of the three phenomena and the related climate variables in China, we use the partial correlation/regression analysis, instead of the regular correlation/regression analysis, to remove the influence from other two phenomena when they coexist. By doing so, we are able to use these results to reconstruct the part of the rainfall/temperature anomalies that are related to the three tropical phenomena based on the three indices for a given summer.
The statistical significance tests for partial correlation coefficients in the time domain are performed using the two-tailed Student's t test. The degrees of freedom used for such a test is 54 for a time series having 57 summers. 6 The correlation coefficients that are significant at the 80, 90, 95 and 99% levels are 0.18, 0.22, 0.26 and 0.34, respectively. Our focus is on the comparison between different impacts of the three tropical phenomena on the summer climate in China, which could be understood dynamically through teleconnection paths. The statistical significance given here is for reference only.
For a given summer, the significance test of a spatial correlation coefficient function (SCCF) between the observed and reconstructed rainfall/temperature anomaly patterns in China based on the three phenomena, depends on the number of spatial degrees of freedom of the timevarying rainfall/temperature anomaly fields. Following Bretherton et al. (1999) , we first perform the empirical orthogonal function (EOF) analysis of the rainfall and temperature anomaly fields, respectively, to determine their effective numbers of spatial degrees of freedom (N ef * ) of these fields. It is defined as the number of EOF modes that account for 90% of the overall variance, which is 13 for rainfall and 10 for temperature, respectively. The degrees of freedom used in the Student's t test for a SCCF in the analysis is N ef * -1. Thus, the criteria of the SCCF between the observed and reconstructed anomaly fields which are statistically significant at the 80, 90, 95 and 99% levels are 0.37, 0.45, 0.53 and 0.65 for rainfall, and 0.42, 0.52, 0.60 and 0.72 for temperature, respectively.
The SCCF between the observed and reconstructed anomaly patterns is a measure of their coherence in anomaly sign but not necessarily in magnitude. In order to know how good a reconstructed anomaly pattern is compared to the observed flooding/drought or warm/cold anomaly pattern, the magnitude of the reconstructed rainfall or temperature anomalies should also be estimated. Thus, in this study, we also use the percentage of explained variance, P, to show how close a reconstructed spatial rainfall/temperature anomaly pattern could explain its corresponding observed rainfall/temperature anomaly pattern. It is defined as Fig. 1 Normalized monthly time series of the three indices: Niño3 (shaded), EMI (red line), and IOD (black line)
where Obs represents observed rainfall/temperature anomaly, I j is the jth index (j = 1: Niño3; j = 2: EMI; j = 3: IOD) shown in Fig. 2 for a given summer, and S j is the spatial partial linear regression pattern of the observed rainfall/temperature anomaly against I j as shown in Fig. 4 . The summation over j indicates that the reconstruction is based on all the three indices, which combines the influences of the three phenomena when they coexist. The summation over x indicates that P is estimated at each station and then summed up over all the 160 stations (x = 1, 160) or the so-called ''all-China''. The term in the square bracket on the right hand of (2) is the variance error. In the limit, when the variance error is zero, the reconstruction is perfect so that P = 1. When the variance error reaches to 1 or larger, P is set to zero. The closer the value of P to unity, the better the approximation of a reconstructed rainfall/temperature anomaly pattern is compared to the corresponding observed pattern (Lau and Weng 2001) . Note that the explained variance (P) of the observed anomaly pattern by a reconstructed anomaly pattern is not simply equal to the square of the SCCF between the two. For simplicity, the terms ''summer'', ''warm (cold)'', ''wet (dry)'', and ''high (low)'' used in the text correspond to ''boreal summer'', ''warmer (colder) than normal'' for temperature anomalies, ''wetter (drier) than normal'' for rainfall anomalies, and ''higher (lower) than normal'' for 500 hPa geopotential height anomalies, respectively. Here the term ''normal'' for a given variable is the ''climatological mean'' of the variable during the analysis period. The description for spatial pattern in the following discussion is with respect to a positive phase of the corresponding SSTA index if not specified otherwise. The temporal features of the three phenomena in the summer season during the data period are shown in Fig. 2 . The spatial features of the SSTA patterns related to the three phenomena are shown in Fig. 3a -c, which are presented by the partial correlation coefficients between the three indices in Fig. 2 and the SSTA field for the data period. The main spatial features for summer El Niño and El Niño Modoki during the data period are similar to those shown in Weng et al. (2007) that are for the boreal summers of 1979-2005. The main spatial features of IOD are similar to those shown in previous studies for IOD (e.g., Saji et al. 1999; Yamagata et al. 2004 ). The clear separation among the three SSTA patterns in Fig. 3a -c, based on the partial correlation analysis, demonstrates the independent influences of the three phenomena represented by SSTA if only one of the three phenomena exists. However, we find mixed contributions to SSTA from two or three of these phenomena if we apply the regular correlation analysis (figures not shown). Such a simple statistical analysis does not necessarily mean the existence of dynamical/ physical relationship between these phenomena (Yamagata et al. 2004; Behera et al. 2006) . Figure 4 shows the rainfall and temperature changes associated with a 1 SD change in each one of the indices. That is, when only one of the three phenomena is assumed to occur and its anomaly changes by 1 SD in the tropical Indo-Pacific Oceans, the anomaly of the summer climate in China related to this phenomenon might occur.
During El Niño summers, the rainfall anomaly pattern in Fig. 4a is similar to many of the previous studies about El Niño influence on the summer rainfall anomaly in China (e.g., Ju and Slingo 1995; Lau and Weng 2001) . A wet band is likely to appear in the Yangtze River valley (YRV), especially in the lower reach of the Yangtze River and the Huaihe River. The regions to the north and south of this wet band are likely to be dry, especially in the lower reach of the Huanghe River in northern China. There are also secondary wet regions in northeastern China and the coastal region of southeastern China. For temperature (Fig. 4b) , most of China is cold during El Niño summers, especially in the YRV and northeastern China. The cold Fig. 4 Partial regression patterns of rainfall (left panels) and temperature (right panels) anomalies in China with the three indices. The upper, middle, and lower panels are for Niño3, EMI, and IOD, respectively. The southern and northern rivers (green) are the Yangtze River and the Huanghe River, respectively summers in northeastern China during El Niño events have been an important research subject because of their severe impacts on the agriculture in that region (e.g., Wang and Wu 1997) .
During El Niño Modoki summers, for rainfall (Fig. 4c) , the most likely wet region is southern China, with a secondary wet region in northern China near 40°N to the east of 108°E. In contrast to the situation during El Niño, the YRV is likely to be the driest region in China during El Niño Modoki, with a secondary dry region in the northern part of northeastern China. For temperature (Fig. 4d) , northeastern China and the region between the Yangtze River and the Huanghe River are warm, with cold bands in both southern and northern China.
During IOD summers, for rainfall (Fig. 4e) , southeastern China is very likely to be wet with the wettest area in the coastal region, and most of the remaining China is dry with the driest region in the YRV. For temperature (Fig. 4f) , most of China is warm, especially northern and northeastern China. Figure 4 shows the climate anomaly patterns that might occur when only one of the three phenomena in the IndoPacific Oceans is assumed to occur. However, the real world is much more complicated than those presented in these patterns due to the coexistence of two or three tropical phenomena, let alone other factors that also influence China's climate have been left out in this study. Possible influence of the coexistence of two or three of these tropical phenomena on China's summer climate will be discussed in Sect. 5.
Atmospheric circulation patterns and the related WNPSM
The impact paths from the coupled ocean-atmosphere phenomena in the tropical Indo-Pacific Oceans to the summer climate in China have been considered to be the large-scale atmospheric circulations over the East Eurasia/ western North Pacific region (e.g., Tao and Chen 1987; Wang and Yasunari 1994; Chang et al. 2000; Wu et al. 2000; Liu et al. 2002; Wang et al. 2003; Weng et al. 2004; Ding and Chan 2005) . Here, we also examine influence paths from the three tropical phenomena to anomalous summer climate conditions in China through the related mid-and low-level tropospheric circulations, including the WNPSM. Figure 5 presents the partial linear regression patterns of the 500 hPa geopotential height anomalies and the 850 hPa horizontal wind anomalies associated with the three SSTA indices. To quantitatively compare the relationship between each one of the three phenomena and the WNPSM, we use the WNPSM index (Wang and Fan 1999) defined as the difference between the area-averaged zonal wind anomalies in the southern box (100°-130°E, 5°-15°N) and the northern box (110°-140°E, 20°-30°N), as marked in Fig. 6 .
The atmospheric circulation patterns at 500 and 850 hPa during El Niño (Fig. 5a ) and El Niño Modoki (Fig. 5b) are similar to those with shorter data period shown in Weng et al. (2007) . During El Niño (Fig. 5a) , a zonally elongated trans-Pacific low band of the 500 hPa geopotential height anomaly in the extratropical Northern Hemisphere covers the region to the north of the Yangtze River, with a low center over northeastern China. This low center is a largescale circulation background for the coldness in most of China (Fig. 4b) . It corresponds to wet summers in northeastern China during El Niño (Fig. 4a) . The trough over the lower reach of the Yangtze River and the ridge to its west, as shown by the zero line of the 500 hPa geopotential height anomaly over China, may be responsible for the wet condition there. At 850 hPa, an anomalous anticyclonic system extends northeastward from the South China Sea/ Philippine Sea to the south of Japan. An anomalous trough is to the east of the Philippine Islands so that the strongest tropical westerlies are found to the east of the Maritime Continent. As seen in Fig. 6a , as a part of the meridional wave train initiated from the tropical western Pacific, the pair of the prevailing anomalous westerlies and easterlies are located to the east of the two boxes, where the difference between the westerlies in the south and the easterlies in the north is used to define the WNPSM index. Thus, such a low-level wind system in El Niño summers is likely to result in a weak relationship with the WNPSM.
During El Niño Modoki (Fig. 5b) , at 500 hPa, two zonal wave trains are aligned in the subtropical and extratropical northern hemisphere. The Mongolian High covers the northwestern part of northeastern China, corresponding to warming there (Fig. 4d) . The positive height anomaly center in northwestern Pacific is right over Japan. It implies that the western North Pacific subtropical high has intensified and advanced northwestward near (135°E, 30°N) from its climatological mean position near (160°E, 25°N) , causing warming in the area between the Yangtze River and Huanghe River (Fig. 4d) . The convergence zone between the 500 hPa Mongolian High and the western North Pacific subtropical high favors upward movement (or ascending motion) in synoptic-scale systems, corresponding to the wet band from the area to the north of the Huanghe River to the southeastern part of northeastern China (Fig. 4c) . At 850 hPa (Fig. 5b) , to the south of Japan, there is a zonally aligned monsoon trough extending from the western Pacific/eastern Philippine Sea to the South China Sea, even intruding the Bay of Bengal. Such an anomalous monsoon trough during El Niño Modoki is to the west of the monsoon trough during El Niño (Fig. 5a ), corresponding to the heat source in the tropical central Pacific (Fig. 3b) , which is also to the west of the heat source during El Niño (Fig. 3a) . As shown in Fig. 6b , the westerlies in the southern box and the easterlies in the northern box are stronger than those in the El Niño summers (Fig. 6a) . Thus, during El Niño Modoki summers, the WNPSM is very likely stronger than that during El Niño.
During IOD (Fig. 5c) , the 500 hPa geopotential height anomaly pattern in extratropical East Eurasia/western North Pacific is almost opposite to that during El Niño (Fig. 5a ). The positive geopotential height anomalies are over most of China, resulting in warming there, especially in its northern region (Fig. 4f) . The 500 hPa positive geopotential height anomalies over northern China during IOD are stronger than those during El Niño Modoki (Fig. 5b) , so are the temperature anomalies (Fig. 4f vs.  Fig. 4d ). At 850 hPa (Figs. 5c; 6c) , the anomalous easterlies between the SSTA dipole in the tropical Indian Ocean are closely related to the wave train originating from the tropical Indian Ocean and extending northeastward along the coastal line of the Eurasian continent. The prevailing tropical westerlies and the easterlies during IOD (Fig. 6c) are shifted northward compared to those during El Niño Modoki (Fig. 6b) , resulting in a weaker relationship with the WNPSM than that during El Niño Modoki.
As discussed above, compared with the locations of the strong westerlies in the southern box and the easterlies in the northern box in the western subtropical North Pacific during El Niño Modoki (Fig. 6b) , the centers of these wind (a) (b) (c) Fig. 6 Partial correlation patterns of zonal wind component at 850 hPa for a Niño3, b EMI, and c IOD. Instead of using coefficients, the significant levels are given for reference. The red (blue) shading shows the westerly (easterly) anomalies. The difference between the area-averaged zonal wind anomaly in the southern and northern black boxes are used to define the WNPSM index (Wang and Fan 1999) anomalies during El Niño shift eastward in longitude (Fig. 6a) , while those during IOD shift northward in latitude (Fig. 6c) . Thus, on average, it is expected that the WNPSM index defined by Wang and Fan (1999) is larger during El Niño Modoki than those during El Niño and IOD. The partial correlation coefficients of the time series of the WNPSM index with Niño3, EMI and IOD over the 57 summers are 0.19, 0.37, and 0.17, respectively. It further confirms that El Niño Modoki is most closely related to the WNPSM among the three tropical phenomena in the linear framework.
As shown by the 850 hPa wind fields in Fig. 5 , both the northeasterly winds related to the monsoon trough during El Niño Modoki (Fig. 5b) and the cyclonic systems in the western North Pacific during IOD (Fig. 5c ) may bring moist air into southeastern China, causing excess rainfall (Fig. 3c, e) . The difference between the climate conditions in the region during the two phenomena is mainly in temperature anomaly field that is largely related to the large-scale mid-level tropospheric circulations. During El Niño Modoki, the 850 hPa monsoon trough that brings excess moist air to southern China is under negative 500 hPa geopotential height anomalies. During IOD, however, the 850 hPa cyclonic system that also brings excess moist air to southern China is under positive 500 hPa geopotential height anomalies. Thus, the monsoon trough during El Niño Modoki is very likely to be deeper and cooler than the cyclonic system during IOD. This may explain why for similar wetness in southern China, it is cool during El Niño Modoki (Fig. 4d) -a negative relationship between rainfall and temperature anomalies, and warm during IOD (Fig. 4f )-a positive relationship between rainfall and temperature anomalies.
After having studied possible links between individual phenomenon and China's summer climate, we can then study what could happen when two or three phenomena coexist, which will be shown in the next section.
Case studies
Based on the indices shown in Fig. 2 and the partial regression rainfall/temperature anomaly patterns in Fig. 4 , we may reconstruct the part of the rainfall/temperature anomalies that are related to one or more of the three tropical phenomena for a given summer. Figure 7 presents SCCF between the observed rainfall/temperature anomaly patterns and the reconstructed ones based on each of the three tropical SSTA indices, as well as their combined effect, for the ''all China'' in nine selected summers when at least one of the three phenomena can be identified (Fig. 2) . Note that the SCCF for each phenomenon in a given summer is not necessarily proportional to the magnitude of the corresponding SSTA index. For example, the magnitudes of IOD in 1994 (2.22) and 1983 (1.71) are comparable. However, the IOD in 1994 has the best spatial correlation for both rainfall and temperature compared to other two phenomena and that in 1983 has virtually no correlation. Similar cases could be found in other years or other indices. Such comparisons imply that the ''impacts'' of an individual tropical phenomenon on China's climate could be greatly influenced by the coexistence of other phenomena in the tropical Indo-Pacific Oceans.
Here we choose the summers of 1994 and 1983 for case studies to show possible impacts by the coexistence of these phenomena on extreme summer climate conditions in China. In both summers, China experienced severe flooding/drought in different regions.
In 1994, the region between the Yangtze River and Huaihe River experienced one of the most severe droughts on record. The drought conditions in several provinces in this region sustained for 40-50 days. Meanwhile the high temperature exceeding 35°C sustained for 20-40 days exacerbated the extremely dry conditions due to lack of rainfall there. 7 In Anhui Province alone, the drought affected 87% of its cultivable land, causing 2.35 million tons of crop loss. 8 In Gansu Province, which is to the west of the YRV, did not receive even a single raindrop in the whole summer.
9 Meanwhile, severe flooding occurred in southern and northern China. 10 The Pearl River Valley in (a) (b) Fig. 7 Spatial correlation coefficient function (SCCF) between observed anomalies and the reconstructed anomalies for the summers of 1956, 1965, 1966, 1972, 1983, 1994, 1997, 1998 and 2006 (all 160 stations are included). a rainfall and b temperature southern China experienced the severest flooding over the past 50 years. In the two southern provinces of Guangdong and Guangxi, the flooding damaged 1.25 million hectares of cultivable land, affected more than 13 millions of people, and caused 63.2 billions (RMB) of direct economic loss.
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These severe flooding/drought regions can well be seen in the season-averaged anomaly fields. The observed summer rainfall anomaly pattern for 1994 (Fig. 8a ) exhibits mainly wet southern and northern China with a dry YRV in-between. The temperature anomaly pattern (Fig. 8b) shows that most of China is warm, except for southern China where its coldness corresponds to the positive rainfall anomalies.
The reconstructed rainfall and temperature anomaly patterns for 1994 based on the three indices in Fig. 2 and three rainfall and temperature regression patterns in Fig. 4 are given in Figs. 8c and d, respectively. Both the EMI and IOD in 1994 are positively large and the Niño3 is negligible. The reconstructed rainfall anomalies in southern China and the YRV largely reproduce the observed anomalies with similar sign but smaller magnitude. The moist air is transported from the western North Pacific by the enhanced anomalous monsoon trough due to El Niño Modoki (Fig. 5b) as well as by the enhanced anomalous cyclonic flows due to IOD (Fig. 5c ). Both events contribute to the severe flooding in the Pearl River and the severe drought in the YRV in the summer of 1994. Due to opposite rainfall anomaly signs in northern China related to the two phenomena, the El Niño Modoki and IOD in 1994 might have partially cancelled each other's influence on the rainfall anomaly. The reconstructed positive temperature anomalies in the YRV and northern China basically have the same anomaly signs with the observed ones, although with smaller magnitude at most stations (Fig. 8d) . In southern China, temperature anomalies at most stations are very weak in both signs. In 1994, the rainfall reconstruction is better for the region in the YRV and to its south, and the temperature reconstruction is better for the region in the YRV and to its north.
In 1983, the regions with severe flooding and drought are very different from those in 1994. The mid-and lowerreaches of the Yangtze River experienced severe flooding, affecting more than 3 million hectares of cultivable land in four related provinces.
12 Meantime, severe droughts occurred in southern and northern China. Some areas of Shandong Province in northern China experienced one of the severest droughts over the past one hundred years.
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The observed rainfall anomaly pattern in 1983 (Fig. 9a ) exhibits a more distinguished interwoven feature than that in 1994 (Fig. 8a) . It consists of dry regions in southern and northern China and wet regions in the YRV and northeastern China. The observed temperature anomaly pattern in 1983 (Fig. 9b ) also shows an interwoven feature having warm southern and northern China and cold YRV and northeastern China. The rainfall and temperature anomalies in most of China have a good negative correspondence. Fig. 8 Observed (upper panels) and reconstructed (lower panels) rainfall (left panels) and temperature (right panels) for 1994. The reconstruction is based on the partial regression patterns in Fig. 4 and the values of the three indices for 1994 in Fig. 2 The reconstructed anomaly patterns for both rainfall (Fig. 9c) and temperature (Fig. 9d) in 1983 look very similar to their observational counterparts but smaller in magnitude. The EMI is negative with the largest magnitude in the data period, and both Niño3 and IOD are positive with moderate magnitudes. Thus, in that summer, all the three phenomena might have influenced the rainfall and temperature anomalies in China. The combined negative EMI and positive Niño3 produce the wet/dry and cold/warm bands in China. The wet and cold summer in northeastern China, considered by previous authors to be related to El Niño event (e.g., Wang and Wu 1997) , is enhanced by a strong negative phase of El Niño Modoki. Their combined cold effects greatly suppress the warm influence from the moderate IOD. In southern China, the anomalous cyclonic circulation due to IOD that supplies moist air from the western North Pacific to southern China was suppressed by the anomalous anticyclonic circulation related to the strong negative phase of El Niño Modoki. As a result, abundant moist air is transported from the Bay of Bengal to the YRV by the southwesterlies over the western edge of the anomalous anticyclonic system, with an opposite flow direction to the 850 hPa flow shown in Fig. 5b , causing drought in southern China and the flooding in the YRV.
The values of P, defined in (2), is calculated for the allChina in 1994 and 1983 (see Table 1 ) when one or all of the three phenomena exist. The combined effects of the three phenomena explain about 36% (70%) for the rainfall (temperature) anomalies in 1994 and 39% (47%) in 1983 for the all-China, respectively. These are quite large portions of the total rainfall and temperature variances that can be explained by the SSTA patterns in the tropical IndoPacific Oceans.
Discussion and concluding remarks
This study investigates possible links between the SSTA patterns in the Indo-Pacific Oceans and the summer rainfall/temperature anomalies in China during the summers of 1951-2007. The teleconnection paths are through the related anomalous mid-and low-level tropospheric circulations over this oceanic region and East Eurasia, including the WNPSM. The summer rainfall/temperature anomalies in China, which are related to the three phenomena in the Indo-Pacific Oceans (El Niño, El Niño Modoki and IOD), are portioned by applying the partial linear correlation/ regression analysis based on the three SSTA indices (Niño3, EMI and IOD). The three tropical phenomena are shown to exert their impacts on the China summer climate through different paths regarding rainfall and temperature anomalies. For rainfall anomalies, the influence path is largely through the low-level tropospheric circulation, including the WNPSM, which influences the rainfall more in the YRV and southern China than northern China. For temperature anomalies, the influence path is largely through the mid-level tropospheric circulation, especially the western North Pacific subtropical high, which influences the temperature more in the YRV and northern China than southern China. In general, there is a good negative correlation between summer rainfall and temperature anomalies in China. It is because the clouds in wet regions reduce the incoming solar radiation resulting in lower surface temperature, and dry conditions under subtropical high system favors more sunshine resulting in higher surface temperature. Exceptions may also occur due to anomalous mid-and low-level tropospheric circulations, such as the condition in southern China when a strong IOD occurs as the only phenomenon in the tropical Indo-Pacific Oceans.
When only one of the phenomena develops, the location and intensity of the individual phenomenon in the IndoPacific Oceans excite different wave trains in the mid-and low-level troposphere over the region. The wave train during El Niño is to the east of the one during El Niño Modoki, mainly due to their different locations of the warm SST center along the equator. During IOD, the wave train is aligned southwest-northeast along the coastal line of the Eurasian continent. Different horizontal and meridional locations of the three wave trains exert different impacts on China's climate. These wave trains in the low-level troposphere show that El Niño Modoki has the best relationship with the WNPSM compared to El Niño and IOD.
In the event of simultaneous occurrence of two or three phenomena (with either positive or negative phases), the combined explained rainfall (temperature) variance related to these phenomena is not simply a sum of the explained rainfall (temperature) variance related to each individual phenomenon. They may enhance or weaken each other's influence, depending on the magnitude and the sign of their indices and rainfall/temperature anomaly signs they may link to. Thus, to make an empirical prediction about climate influenced by an individual tropical phenomenon while other tropical phenomena coexist is not easy. Such a situation can be clearly seen in the two cases of 1994 and 1983 discussed in Sect. 5.
The climate variability and its lagged response to the tropical SST forcing on the sub-seasonal timescales, which may be important to extreme climate events, cannot be discerned in this study due to the limitation of using the summer seasonal data. Further analyses focusing on the summer climate, by using monthly data instead of seasonal data ), in different regions of China influenced by these SSTA patterns are encouraged.
All the three phenomena in the Indo-Pacific Oceans discussed here are mainly related to the zonal SSTA gradients in this tropical oceanic region. It is the zonal SSTA gradients that force characteristic Walker cells in the tropical Indo-Pacific Oceans during these phenomena, which in turn force characteristic meridional circulations that influence regional climate in China. Whether considering the zonal SSTA gradients in the tropical Pacific is also the main difference between the definition of El Niño Modoki and other definitions regarding the tropical central warming based on area-mean SSTA, such as the CP type of ENSO (Yu and Kao 2007; Kao and Yu 2009 ) and the WP type of ENSO (Kug et al. (2009) mentioned in the introduction.
Other SSTA patterns in the broad tropical Indo-Pacific Oceans such as the basin-wide warming/cooling in either tropical Pacific or Indian Ocean, or both, which do not represent SSTA gradients as those discussed here, may also exert important influence on summer climate in China by changing the amount of moisture supply to China.
The vital results presented here account for a modest spur to induce more studies to come forward with valuable contributions to understand possible influence of the tropical Indo-Pacific Oceans on anomalous summer climate in China. Such studies will help improve prediction of extreme climate events in different regions of China once any of these phenomena in the tropical Indo-Pacific Oceans for a summer season, not for the preceding winter season, is first predicted.
